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1. Introduction
The human brain is the most complex object in the known universe. It contains ~100 billion
neurons, each forming between 1,000 and 10,000 connections with other neurons to form
interconnecting circuits containing up to 1,000 trillion connections. This extreme complexity
arises from a single cell at conception. Therefore, brain development needs to be tightly
controlled to ensure proper patterning and circuit formation. Defects in this process lead to
debilitating neurodevelopmental disorders, including autism and microcephaly. Until
recently, it was assumed that once an adult brain had matured, it was ‘fixed’ or ‘hard-wired’
and no new neurons were generated. However, research over the last 15-20 years has dem‐
onstrated the existence of neural precursor cells (NPC’s) that produce and incorporate new
neurons into existing circuits of the adult brain, a process known as neurogenesis [1]. Adult
neurogenesis is similar in organisation and mechanism to early brain development [2]. The
ability to control neurogenesis could enable the brain to repair itself following injury (e.g.
stroke, spinal chord injury, head trauma) and to enhance mental functioning (e.g. delay or
prevent age-related cognitive decline and neurodegenerative diseases). Therefore, there is a
clear and urgent need to understand the mechanisms controlling neurogenesis in the devel‐
oping and adult brain.
NPC’s give rise to all cell types in the brain by undergoing asymmetric cell division, generating
one daughter cell that retains pluripotency and another daughter cell that is committed to a
neuronal or glial fate. In adults, this predominantly occurs in the dentate gyrus of the hippo‐
campus and the subventricular zone/olfactory system. Thousands of new cells are generated
every day in the hippocampus, although less than half survive beyond a few weeks to
permanently integrate into adult brain circuits [3]. This process is an important component of
neuroplasticity in the hippocampus, facilitating learning and memory. Other brain regions are
thought to have limited neurogenic potential that might be induced following injury. The fate
of NPC’s is controlled by extracellular stimuli (e.g. growth factors, Wnt, Notch, Hedgehog)
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that trigger intracellular signalling pathways and changes in gene transcription, although the
transcriptional regulators targeted by these signalling pathways and their target genes are yet
to be fully clarified.
2. GSK3 and neurogenesis
In 1980, Hammond and Dale noticed that lithium treatment of grey collie dogs increased their
blood cell counts, which they suggested was due to increased proliferation of haematopoetic
stem cells [4]. This was confirmed shortly afterwards [5], although the mechanism for lithium’s
action was not understood. In 1996, GSK3 was identified as a key target of lithium in cells [6],
although it was another 8 years before a key role for GSK3 in regulating stem cell pluripotency
was elucidated [7, 8]. Pharmacological inhibition of GSK3 activity was shown to maintain the
undifferentiated phenotype in mouse and human embryonic stem (ES) cells, while its with‐
drawal promoted differentiation into multiple cell lineages [7]. More recently, it was demon‐
strated that the complex mixture of cytokines, growth factors, hormones, serum and feeder
cells traditionally used to maintain self-renewal of ES cells can be replaced with two pharma‐
cological inhibitors; a MAPK inhibitor and a GSK3 inhibitor [8], thus emphasizing the
importance of GSK3 for regulating pluripotency. The GSK3 substrates c-myc [9] and Klf5 [10]
are among several transcription factors that have been used to induce pluripotency (iPS
system). Thus, GSK3 is a key regulator of neurogenesis, although the precise molecular
mechanisms are not yet fully understood. This review provides an overview of the extracel‐
lular stimuli and intracellular signalling pathways controlling GSK3 activity, as well as the
downstream targets of GSK3 directly linking it to cellular proliferation and differentiation in
the brain. GSK3 inhibitors are currently in clinical trials for several neurological disorders
associated with impaired neurogenesis, therefore it is timely that cell fate pathways involving
GSK3 are delineated.
3. GSK3
GSK3 is a Ser/Thr kinase of the CMGC family of proline-directed kinases that is highly
conserved in all eukaryotes. In mammals, it is ubiquitously expressed in all tissues and
subcellular organelles, most highly in the brain [11]. There are 2 isoforms encoded by separate
genes (chromosome 19q13.2 for GSK3α and chromosome 3q13.3 for GSK3β) [11]. Their kinase
domains are 98% homologous and their substrate specificities are similar, but not identical [12].
A splice variant of GSK3β containing a 13 amino acid insert in the catalytic domain is specif‐
ically expressed in the brain [13], although its function is only just beginning to be investigated
[12]. Interestingly, GSK3 is one of the most unusual kinases in the human genome for 3 main
reasons; 1) Most (if not all) substrates require ‘priming’ phosphorylation 4 or 5 residues C-
terminal to the GSK3 target site by another kinase before they can be efficiently phosphorylated
by GSK3 [14]. 2) GSK3 is highly active in cells under basal conditions, opposite to most other
kinases. 3) Phosphorylation of GSK3 at an N-terminal serine residue inhibits its kinase activity
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(Ser21 in GSK3α, Ser9 in GSK3β) [15, 16]. This phosphoserine acts as a pseudo-substrate and
binds to the phosphate-binding pocket on GSK3, preventing interaction with primed sub‐
strates [17]. Phosphorylation is mediated by members of the AGC family of kinases (e.g. Akt)
and commonly occurs downstream of growth factor and PI3K signaling [15]. Activation of the
canonical Wnt signaling pathway also inhibits GSK3 activity, preventing phosphorylation of
β-catenin, although this is not mediated by N-terminal phosphorylation, but by protein-
protein interactions [18, 19]. GSK3 is also modified by phosphorylation at a tyrosine residue
on the activation loop of the kinase domain (Tyr279 for GSK3α and Tyr216 for GSK3β).
Phosphorylation at these sites is absolutely required for kinase activity and is most likely
constitutively modified (i.e. not regulatable) [20, 21].
4. Neurogenesis in GSK3 mutant mice
Valuable information on the role of GSK3 in cell fate determination has been obtained from
mice genetically modified to either increase or decrease expression of GSK3α and β. While
GSK3β-knockout mice die in late development due to defects in heart development and/or
hepatic apoptosis [22, 23], GSK3β-heterozygous mice and GSK3α-knockout (homozygous)
mice are viable and display several behavioural defects, including increased anxiety, decreased
aggression and memory defects [24-28]. Also, GSK3α-null mice exhibit decreased numbers
and size of Purkinje cells in the cerebellum [24]. Conditional overexpression of GSK3β in the
forebrain using the doxycycline/Tet system impaired memory and spatial learning in mice [29].
At the cellular level, GSK3β overexpression increased neuronal cell death, astrocytosis, gliosis
and reduced LTP induction. These effects could be restored by reducing GSK3 activity to
normal levels by silencing the transgene or by treatment with lithium [30, 31]. In another report,
overexpression of GSK3β-S9A in post-natal neurons (Thy-1 promoter) reduced brain size in
adult mice, especially in the cerebral cortex, predominantly caused by reduced size of neuronal
cell bodies and the somatodendritic compartment [32]. Together, these observations clearly
demonstrate that GSK3 is important for healthy development and function of the brain.
In addition to conventional under/over-expression mouse models, GSK3-knockin mice were
developed that are insensitive to growth factor inhibition (Ser21/9 mutated to Ala in GSK3α
and β, respectively), but remain sensitive to Wnt-induced inhibition [33]. These mice are viable
and display no overt developmental or growth defects, but do exhibit increased susceptibility
to hyperactivity, stress-induced depression and mild anxiety, as well as abnormal LTP and
memory functions [34, 35]. NPC’s isolated from GSK3-knockin mice exhibit reduced neuro‐
genesis, despite normal proliferation [36], suggesting defective differentiation/maturation or
survival of NPC’s. In contrast, mice with double homozygous deletion of GSK3α and β
isoforms (i.e. all GSK3 isoforms deleted) display a dramatic increase in proliferation of NPC’s
and decreased differentiation into post-mitotic neurons [37]. This is accompanied by deregu‐
lation of Wnt, Notch, Hedgehog and FGF signalling pathways. In another mouse model, mice
expressing a mutant form of the scaffolding protein Disrupted in Schizophrenia (DISC1),
which is mutated in schizophrenia and mood disorder patients, display increased GSK3
activity, causing inhibition of the Wnt signaling pathway and decreased NPC proliferation
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[38]. Together, these observations suggest that inhibition of GSK3 by the Wnt signalling
pathway promotes NPC proliferation, while inhibition of GSK3 by growth factor signalling
promotes differentiation of NPC’s into post-mitotic neurons.
5. GSK3 and Wnt signaling
Wnt signaling is amongst the most important signaling pathways controlling neurogenesis in
the developing and adult brain. Several studies have shown that attenuation of this pathway
reduces the number of granule neurons and size of the hippocampus, as well as a reduction
in the number of radial glial cells due to proliferation and patterning defects [39-41]. It is well
accepted that Wnt’s help to maintain the proliferative capacity of ES cells and keep them in an
undifferentiated state [7], however there is also evidence for Wnt’s being required to promote
neural differentiation [42, 43]. These seemingly contradictory views are united in a model
whereby Wnt signaling promotes proliferation and inhibits differentiation of pluripotent cells.
Inhibition of this pathway promotes initial stages of differentiation into neural progenitors,
but reactivation of Wnt signaling is required at later stages of the differentiation program to
generate mature neurons [44, 45]. Indeed, in adult neurogenesis in the dentate gyrus of the
hippocampus, Wnt’s are secreted by local astrocytes where they predominantly regulate
differentiation into mature neurons (mostly inhibitory GABAergic interneurons), rather than
proliferation of NPC’s [46-48].
GSK3 is a key component of the Wnt signaling pathway. In unstimulated cells, GSK3 is part
of a multi-protein complex with APC, Axin and other proteins that facilitates phosphorylation
of β-catenin by CK1 at Ser45, followed by phosphorylation of Ser33/37/41 by GSK3. This creates
a recognition site for the E3 ubiquitin ligase βTrCP, which ubiquitinates β-catenin and targets
it for degradation via the proteasome. In Wnt-stimulated cells, this multi-protein complex is
disrupted, preventing phosphorylation and subsequent ubiquination of β-catenin, thus
stabilizing the protein and increasing its cellular abundance. This leads to translocation to the
nucleus, where β-catenin binds to several transcription factors facilitating transcription of
target genes involved in cell fate regulation, including c-myc [49], NeuroD1 [48, 50, 51], Prox1
[52] and LINE-1 [50]. In adult neurogenesis, Wnt-induced expression of NeuroD1 is required
for survival and maturation of adult-born neurons [48, 50, 51]. The prototypcial binding
partners of β-catenin in the nucleus are members of the TCF/LEF family, which have been
shown to be central mediators of tumourigenesis in the colon, breast and other tissues. In
NPC’s, activation of the Wnt pathway and elevated transcriptional activity of β-catenin has
been shown to promote proliferation and inhibit neuronal differentiation [53, 54], while
inhibition of Wnt signaling promotes neuronal differentiation [55, 56]. Accordingly, deletion
of GSK3 isoforms promotes proliferation and inhibits differentiation of stem cells [57],
consistent with pharmacological GSK3 inhibitors and Wnt-induced inhibition of GSK3 activity
[7, 8]. This is dependent on elevated levels of transcriptionally active β-catenin [58], but
surprisingly not by members of the TCF/LEF family. Instead, β-catenin was shown to bind to
another transcription factor called Oct4, which increased expression of the pluripotency
regulator and stem cell marker Nanog [58, 59].
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Some transcriptional targets of the Wnt pathway are also targeted by GSK3 post-translation‐
ally. For example, c-myc is an established target of the Wnt pathway that promotes cell cycle
progression and proliferation [49]. Meanwhile, its protein product is directly phosphorylated
by GSK3 at Thr58, which targets it for ubiquitination by the E3 ligase Fbw7, followed by
proteasome-mediated degradation [60, 61]. Thus, Wnt-induced inhibition of GSK3 activity
could promote high c-myc activity both transcriptionally and post-translationally. However,
it has not yet been proven that Wnt-mediated inhibition of GSK3 reduces phosphorylation of
c-myc, or any protein other than β-catenin for that matter. Alternatively, simultaneous
stimulation of cells by Wnt and growth factors would activate c-myc transcription and reduce
its phosphorylation and degradation, respectively, thus combining to increase c-myc abun‐
dance. This would promote proliferation and inhibit differentiation of NPC’s. Interestingly, a
viral oncogenic form of c-myc is mutated at the GSK3 target site (Thr58) [60]. This mutation
prevents phosphorylation of c-myc by GSK3 and subsequent ubiquitination, thus stabilizing
the protein and driving uncontrolled proliferation in tumourigenesis. Thus, emphasizing the
importance of phosphorylation of c-myc by GSK3 in the regulation of cell fate.
Other isoforms of c-myc are also phosphorylated and targeted for degradation by GSK3 (i.e.
L-myc, N-myc). In NPC’s, deletion of c- and L-myc does not affect proliferation/differentiation,
while deletion of N-myc significantly decreases NPC proliferation and impairs differentiation
into mature neurons [62], suggesting that N-myc is the critical member of this family regulating
neurogenesis and brain development [63, 64]. Like c-myc, GSK3 phosphorylates N-myc at
Thr58 to promote ubiquitination by Fbw7 and degradation by the lysosome [65]. This is
antagonized by growth factor-mediated inhibition of GSK3 activity (e.g. IGF1). Phosphoryla‐
tion of N-myc by GSK3 requires prior ‘priming’ phosphorylation at Ser62 by Cdk1, which is
increased during mitosis, causing increased N-myc degradation [65]. This was shown to be
important for exiting the cell cycle – the first step along the differentiation pathway. Cdk1
activity is dependent on binding to its co-factors cyclin A and B1 [66], whose transcription is
controlled by the Hedgehog pathway, as is the transcription of N-myc [67, 68]. Therefore, N-
myc appears to be a point at which multiple signaling pathways involving GSK3 intersect in
NPC’s to control cell fate.
Some substrates of GSK3 are upstream of the Wnt pathway and can regulate its activity. For
example, hypoxia-inducible factor 1 α (HIF1α) is a basic helix-loop-helix (bHLH)-structured
transcription factor that is induced by low oxygen conditions to activate transcription of genes
that provide protection and adaption of cells to oxidative stress and hypoxic conditions.
HIF1α is phosphorylated by GSK3, promoting its degradation by the proteasome [69, 70].
Recently, it was shown that HIF1α promotes Wnt activation and transcription of TCF/LEF
members in undifferentiated, but not differentiated cells [71]. Low GSK3 activity in undiffer‐
entiated cells would reduce GSK3-mediated phosphorylation and degradation of HIF1α, thus
stabilizing the protein and leading to activation of the Wnt pathway. Simultaneously, low
GSK3 activity (downstream of Wnt) would prevent β-catenin phosphorylation/degradation,
increasing its transcriptional activity with TCF/LEF. Interestingly, the authors show that the
subgranular zone of the dentate gyrus containing NPC’s is hypoxic due to fewer blood vessels
in the region and contains relatively high levels of HIF1α and transcriptionally active β-catenin.
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Thus, decreased oxygen levels could be important for maintaining the NPC niche in the
hippocampus via GSK3, HIF1α and the Wnt pathway. It be should be noted that other groups
have found that prolonged hypoxia increases the activity of GSK3 in cultured cells and in
vivo [69, 72]. This might reflect differences between GSK3-mediated phosphorylation and
degradation of HIF1α in undifferentiated versus differentiated cells.
6. GSK3, DISC1 and mood disorders
GSK3’s involvement in the Wnt pathway is also regulated by the scaffolding protein DISC1.
This protein directly binds to GSK3 to inhibit phosphorylation of β-catenin, preventing its
degradation and activating its transcriptional activity [38]. This promotes NPC proliferation
during embryonic development and in the adult brain. Depletion of DISC1 or expression of
DISC1 mutants associated with mood disorders and schizophrenia reduced NPC proliferation
and induced schizophrenia and depression-like symptoms in mice [38, 73]. These defects were
normalized by administration of pharmacological inhibitors of GSK3. These studies demon‐
strate that DISC1 is a negative regulator of the Wnt pathway and NPC proliferation by directly
inhibiting GSK3-mediated phosphorylation of β-catenin. Interestingly, one schizophrenia-
associated mutant of DISC1 (S704C) did not affect GSK3 activity, Wnt signaling or NPC
proliferation, but instead impaired neuronal migration in the developing cortex via reduced
binding to cytoskeletal proteins (Dixdc1) [73]. Elsewhere, it was shown that DISC1 acts as a
molecular switch between proliferation and migration in NPC’s, whereby DISC1 inhibits
GSK3-mediated phosphorylation of β-catenin and activates its transcriptional activity to drive
proliferation of NPC’s, while in committed, post-mitotic neurons, DISC1 regulates neuronal
migration via another protein called BBS1 and the centrosome [74]. Together, these studies
demonstrate that DISC1 regulates NPC proliferation and neuronal migration through GSK3-
dependent and independent pathways, respectively.
As well as DISC1, other upstream regulators of GSK3 are genetically linked to mood disorders
and schizophrenia, including Akt [75], Neuregulin [76] and the dopamine/β-arrestin signaling
complex [77, 78]. GSK3 kinase activity is also inhibited by several mood-stabilizers, anti-
depressants and anti-psychotic drugs [6, 79, 80], while genetic manipulation of GSK3 activity
in mice produces behaviours correlating with mood disorders [24-28]. A single nucleotide
polymorphism in the promoter region of GSK3β has also been correlated with onset of Bipolar
disorder [81]. Together, these observations strongly implicate elevated GSK3 activity in the
etiology of mood disorders and schizophrenia. Neurogenesis is decreased in these disorders
[82, 83], but is promoted by mood stabilizing drugs, such as lithium [84, 85]. Therefore, mood-
stabilizing drugs may act (at least in part) by promoting neurogenesis via inhibition of GSK3.
If so, promoting neurogenesis using GSK3 inhibitors could also be beneficial to other mental
disorders, including neurodegenerative diseases such as Alzheimer’s disease and age-related
cognitive decline, as well repair following brain injury, such as stroke and spinal chord injuries.
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7. GSK3 and Notch signaling
A role for the Notch signaling pathway in regulating development was discovered almost a
century ago by pioneering work in fruit flies by John Dexter and Thomas Hunt Morgan [86].
It was later found that absence of Notch in flies caused neuronal hyperplasia and a decrease
in glial cells in the brain [87]. Generally, Notch signaling promotes proliferation of NPCs and
inhibits their differentiation, but has also been linked with glial cell specification [88, 89],
neurite outgrowth [90] and learning and memory [91]. Notch is a family of 4 single-pass
transmembrane proteins (Notch1-4) that are expressed at the cell surface of ES cells and NPCs
(especially Notch1). Ligand-mediated activation of Notch leads to its proteolytic cleavage by
Presenillin-g, releasing the Notch intracellular domain (NICD) for translocation to the nucleus
where it binds with the transcription factor RBP-Jk to activate transcription of target genes
including the bHLH transcriptional repressors Hes1 and Hes5. These proteins repress tran‐
scription of pro-neural genes, thus inhibiting differentiation into neurons and maintaining
proliferation of NPC’s. Ligands that activate Notch, such as Delta-like 1 (Dll1) and Jagged1
(Jag1) are themselves transmembrane proteins. These are typically located at the cell surface
of differentiated neurons that bind and stimulate activation of Notch on neighbouring NPC’s.
Thus, Notch signaling functions in a localized fashion, whereby a differentiating neuron
expressing the ligands Dll1 or Jag1 binds Notch on a neighbouring cell to activate downstream
signaling that inhibits differentiation and maintains proliferation of NPC’s, thus establishing
a stem cell niche in the brain. In other words, Notch signaling prevents equipotent cells from
acquiring the same fate.
GSK3 was originally found to be associated with the Notch signaling pathway in Drosophila
development [92]. Since then, it has been shown to bind and phosphorylate the intracellular
domain of Notch, stabilizing the protein by reducing its degradation by the proteasome [93].
However, other studies report that phosphorylation destabilizes Notch and promotes its
degradation [94, 95]. The reason for these contradictory observations are not clear, although
considering that low GSK3 activity and high Notch signaling correlate with the highly
proliferative, undifferentiated nature of ES cells/NPC’s, it is likely that GSK3-mediated
phosphorylation targets Notch for degradation by the proteasome. That is, low GSK3-
mediated phosphorylation and degradation of NICD increases its abundance and transcrip‐
tional activity to promote proliferation/suppress differentiation. This is consistent with many
other proteins that are destabilized by GSK3 phosphorylation, such as c-myc, HIF1α, β-catenin,
etc. It is possible that prior phosphorylation by the cyclin C:Cdk8 complex could prime NICD
for subsequent phosphorylation by GSK3 [96], although this remains to be proven.
Cross-talk between the Notch and Wnt signaling pathways has been suggested by several
studies, although the reports are contradictory. One study shows that Notch binds to the
unphosphorylated, transcriptionally-active form of β-catenin, targeting it for degradation by
the lysosome, thus suppressing expression of Wnt target genes [97]. At first glance, this is
surprising, since both pathways are pro-proliferation/anti-differentiation. However, it should
be noted that Notch-mediated degradation of β-catenin does not require ligand activation.
Therefore, this mechanism might be more relevant to differentiated cells, such that in the
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absence of ligand stimulation, Notch reduces β-catenin levels to antagonize Wnt signaling.
Thus, both pathways are suppressed, consistent with a differentiated phenotype. Another
report has shown that FGF2-mediated inhibition of GSK3 activity leads to an increase in
transcriptionally-active β-catenin in the cell nucleus, which simultaneously activates TCF/LEF
and Notch/RBP-Jk transcriptional complexes, promoting proliferation and inhibiting differ‐
entiation, respectively [98]. Although both pathways promote maintenance of stem cells as
expected, FGF2-mediated inhibition of GSK3 is unexpected, since it is commonly assumed that
growth factors do not influence β-catenin levels in the Wnt pathway [19], although this
observation has been confirmed by several other groups [99, 100]. It is possible that FGF
signaling is an exception to the growth factor rule. All together, it seems clear that there are
interactions between Notch and other cell fate pathways involving GSK3, although the precise
mechanisms are yet to be fully clarified.
8. GSK3 and Hedgehog signalling
The Hedgehog signaling pathway is a critical regulator of cell fate during development and
for maintaining proliferation of cell stem niches in adults, including NPC’s in the brain. In
mammals, there are 3 Hedgehog proteins, with Sonic hedgehog being the most widely studied.
These are secreted proteins that bind to a receptor at the surface of target cells called patched.
When Hedgehog binds to patched, patched is released from another receptor protein at the
cell surface called smoothened, allowing smoothened levels to increase. Smoothened inhibits
the proteolytic cleavage of the zinc-finger proteins Gli (cubitus interruptus in flies), which are
critical effectors of the Hedgehog pathway. Gli1 and Gli2 are transcriptional activators, while
Gli3 is a repressor. These proteins regulate the transcription of cell cycle-related genes, such
as cyclins D and E, N-myc, Bcl2, POU3F1, Runx2 and Tbx2, as well as patched in a negative
feedback loop. In the absence of Hedgehog ligands, Gli associates with a scaffolding complex
containing Cos2 and Fused that facilitates phosphorylation by GSK3 and CK1 (following
priming by PKA). This phosphorylation targets Gli for ubiquitination and proteolysis,
generating a truncated repressor form lacking the C-terminal activation domains [101-105].
But in the presence of Hedgehog, this signaling complex is disrupted, inhibiting phosphory‐
lation and processing of Gli, leading to accumulation of transcriptionally active full-length
protein in the nucleus. Thus, GSK3 antagonises Hedgehog signaling by mediating the
degradation of Gli proteins. The scaffolding protein Sufu, a negative regulator of Hedgehog
signaling, is also phosphorylated by GSK3, which stabilizes the protein and increases degra‐
dation of Gli proteins [106]. Thus, GSK3 promotes Gli degradation directly and via stabilization
of Sufu.
The Hedgehog pathway is similar to the Wnt pathway, in that it utilizes the constitutive activity
of GSK3 to negatively regulate the key transcriptional effector of each pathway (β-catenin for
Wnt, Gli for Hedgehog). Ligand-mediated activation of both pathways reduces phosphoryla‐
tion of these key effectors by disrupting their respective signaling/scaffolding complexes
without directly inhibiting GSK3 activity (i.e. they exclusively reduce phosphorylation of a
specific substrate). In contrast, growth factor signaling directly inhibits GSK3 kinase activity
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via phosphorylation of the N-terminal serine residues. Therefore, it seems that the Wnt and
Hedgehog pathways regulate specific substrates within their respective signaling complexes,
while growth factor stimulation affects a wider range of GSK3 substrates (Fig.1). It should also
be mentioned that signaling complexes containing the scaffolding protein AKAP220 have been
shown to promote inhibitory Ser21/9 phosphorylation of GSK3 [107, 108]. Hence, the number
of scaffolding/signal complex-associated proteins reported to bind and regulate GSK3 activity
is increasing, suggesting that this mechanism might be common, rather than an exception,
although this remains to be proven. Nevertheless, it is highly likely that other signaling
complexes regulating GSK3 are likely to be discovered.
 
Figure 1. Signalling pathways regulating cell fate target different subsets of GSK3 substrates. Ligand-stimulated
activation of the Wnt, Notch and Hedgehog pathways prevents phosphorylation of a single substrate by disrupting
multi-subunit signalling complexes required to mediate their phosphorylation, driving proliferation. In contrast,
growth factor-mediated inhibition of GSK3 via phosphorylation of N-terminal serine residues reduces phosphorylation
of many substrates, promoting survival and differentiation of newly generated neurons.
9. GSK3 and growth factor signaling
In general, growth factors positively influence neurogenesis in the developing and adult brain
by supporting differentiation and survival of newly generated neurons. Direct injection of
many growth factors into the subventricular zone of mice increases neurogenesis, including
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FGF [109], EGF [110], TGF [110], CNTF [111]. Among the most potent growth factors are the
neurotrophins (BDNF, NGF, NT-3, NT-4), whereby direct administration [112] or genetic
deletion [113] increases and reduces neurogenesis, respectively. Accordingly, their receptor
molecules, called Trk receptors, are predominantly expressed by post-mitotic neurons, but not
NPC’s or neural crest cells [114]. BDNF signaling, in particular, has been shown to promote
survival of newly-generated neurons [115], while defects in BDNF signaling have been linked
to decreased neurogenesis and neuronal survival in several neurological disorders, including
Alzheimer’s disease, age-related cognitive decline, Bipolar disorder and Schizophrenia (for
reviews, see [116, 117]).
GSK3 is an established target of many growth factor signaling pathways. Ligand-binding to
their respective receptors at the cell surface induces dimerisation/oligomerisation, activating
their intrinsic kinase activities and autophosphorylation of key tyrosine residues. This
provides binding sites for SH2 and SH3-domain-containing adaptor proteins, such as IRS and
Grb proteins, promoting recruitment and activation of phosphatidylinositol 3 kinase (PI3K).
This lipid kinase converts phosphatidylinositol 4,5 bisphosphate (PIP2) to PIP3, recruiting
members of the AGC family of kinases (e.g. PKB/Akt), where they are phosphorylated and
activated by PDK1. These AGC kinases phosphorylate an N-terminal serine on GSK3 (Ser21
on GSK3α, Ser9 on GSK3β) that binds to the substrate binding site on GSK3, thus acting as a
pseudo-substrate to inhibit phosphorylation of primed substrates [17].
Numerous studies have demonstrated that pharmacological inhibitors of GSK3 promote
survival of neurons subjected to a range of toxic stimuli (for a review, see [118]), while over-
expression of GSK3 promotes neuronal apoptosis in vitro and in vivo [29, 119, 120]. Importantly,
GSK3α/β -knockin mice (S21/9A) that are insensitive to growth factor inhibition exhibit
reduced neurogenesis, despite normal proliferation of NPC’s [36]. As noted previously, this
could suggest defective differentiation patterns in the NPC’s, but could equally represent
decreased survival of newly generated neurons. In addition, several substrates of GSK3 are
associated with cell survival (discussed below). Together, these observations strongly suggest
that growth factor-mediated inhibition of GSK3 appears to be a key mechanism by which
growth factors promote survival of newly generated neurons during neurogenesis.
A key downstream target of GSK3 promoting survival is Mcl1. This anti-apoptotic, pro-
survival member of the Bcl2 family is directly phosphorylated by GSK3 at Ser155 and Ser159,
targeting it for ubiquitination by E3 ligases (Fbw7, βTrCP and/or Trim17) and degradation by
the proteasome [121, 122]. Upon growth factor stimulation, GSK3 is inhibited, reducing GSK3-
mediated phosphorylation of Mcl1, thus stabilizing the protein and promoting neuronal
survival. The Notch signaling pathway has also been shown to promote survival of neurons
via Mcl-1, although the role of GSK3 was not investigated [123]. NPC’s and newly-committed
neurons in the subventricular zone and surrounding areas of mice express high levels of Mcl-1,
while Mcl-1 deficiency caused widespread apoptosis, especially in newly-committed neurons
as they migrate away from this region [124]. This suggests that a key target of growth factor
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and GSK3-mediated protection of neurons is via Mcl-1. Indeed, nutrient deprivation correlates
with decreased levels of Mcl-1 and induction of apoptosis in neurons, which was dependent
on phosphorylation by GSK3 [125, 126]. In contrast, Bax is a pro-apoptotic member of the Bcl2
family. Phosphorylation by GSK3 at Ser163 promotes its translocation to the mitochondrial
outer membrane, where it oligomerizes to form a pore promoting cytochrome c release and
cell death [127, 128]. Inhibition of GSK3 via growth factor signaling or therapeutics (e.g.
lithium) antagonizes Bax translocation and cytochrome c release, promoting cell survival.
Other downstream targets of GSK3 that promote neuronal survival include the transcription
factors HIF1α, HSF1 [129], Mef2D [130] and Bcl3 [131] by activating transcription of pro-
survival genes. For example, increased activity of GSK3 during potassium withdrawal from
cerebellar granule neurons leads to increased phosphorylation and degradation of Mef2D,
which could be blocked by a GSK3-resistant form of Mef2D [130]. The neurotrophins NGF and
BDNF promote Mef2D stability by reducing GSK3-mediated degradation, leading to increased
transcription of its target gene Bcl-w, an anti-apoptotic member of the Bcl-2 family [132].
10. GSK3, ubiquitin ligases and proteasome-mediated degradation
It is noticeable that many substrates of GSK3 are targeted for ubiquitination and proteasome-
mediated degradation following phosphorylation by GSK3. Most of these are transcription
factors that are phosphorylated by GSK3 within an [ST]PPx[ST]P motif, including c-myc [61,
133, 134], c-jun [135], Klf5 [136, 137], cyclin E1 [138], Gli3 [101, 102] and snail [139]. These
transcription factors have short half-lives, largely due to the actions of GSK3, which is highly
active under basal conditions in mature, differentiated cells. However, GSK3 activity levels
are comparatively lower in undifferentiated cells, induced by persistent Wnt, Notch, Hedge‐
hog and/or growth factor signaling to maintain the proliferative capacity of these cells [140].
Here, phosphorylation and ubiquitination of transcription factors by GSK3 is reduced, thus
stabilizing the proteins (prolonging their half-lives) and contributing to stem/precursor cell
proliferation. A common E3 ligase targeting GSK3 substrates is Fbw7. In fact, most of the
reported targets of Fbw7 are established GSK3 substrates (see [141]). Genetic studies in mice
indicate that Fbw7 is required for differentiation and survival of NPC’s. For example, brain-
specific deletion of Fbw7 increased apoptosis of NPC’s, which could be rescued by concomitant
deletion of c-jun [142]. Similar results were observed for cerebellar development in mice [143].
NPC differentiation was also impaired, particularly a decrease in the number of mature
neurons and increased glial progenitors (although no change in mature astrocytes). This was
alleviated by inhibition of Notch signaling. Supporting this, a separate study showed that
brain-specific deletion of Fbw7 skewed the differentiation of NPC’s towards astrocytes, rather
than neurons, which could be restored with a pharmacological inhibitor of the Notch pathway
[144]. Meanwhile, the maintenance/proliferation of the NPC’s was not affected. Together, these
observations show that GSK3 and Fbw7 share common substrates that regulate the differen‐
tiation and survival of neurons.
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11. GSK3 and NPC migration and polarization
Correct positioning of newly generated neurons is crucial during development and for healthy
function of the adult brain. Neuronal migration is tightly regulated by extracellular cues,
including Wnts and growth factors. Accordingly, there is emerging evidence that their
common downstream target, GSK3, may be involved in this process, primarily via regulation
of cytoskeleton-associated proteins. Migration requires cellular polarization and extension at
the leading edge of the cell. This involves dynamic reorganization of microtubules by a variety
of microtubule-binding proteins. Several of these are directly phosphorylated and regulated
by GSK3, including Tau, CRMP2, MAP1B, MAP2C, CLASP2, pVHL and APC (for reviews, see
[145, 146]). Phosphorylation of many of these substrates by GSK3 reduces their ability to bind
microtubules, thus making them less stable. Interestingly, GSK3 activity is typically low at the
leading edge of migrating cells or at the tips of growing neurites in neuronal polarization
[147-149]. This would promote substrate binding and stabilization of microtubules, facilitating
forward movement of the cell’s leading edge or growing neurite. Similarly, local inhibition of
GSK3 activity is essential for polarization of newly generated neurons and growth of the
nascent axon [150, 151]. Meanwhile, global inhibition of GSK3 induces formation of multiple
axons [150, 152]. Several upstream inhibitors of GSK3 have been implicated in this process,
including Cdc42 [149], ILK [153], LKB1 [147] and Akt [150]. Apart from the latter, these
signaling proteins are not established regulators of GSK3 activity, so the precise molecular
mechanisms by which they inhibit GSK3 activity await clarification.
12. Conclusions
It is clear that GSK3 is an important target of several signaling pathways controlling cell fate
in the brain. It is also clear that many of these pathways can be activated simultaneously in the
same cells/tissues. One possibility is that GSK3 acts as an integrator of these simultaneous
inputs to determine the cellular outcome. That is, GSK3 acts as a node for multiple signaling
pathways and the sum of these inhibitory signals dictates cell fate. This is unlikely, since
although each of these pathways target GSK3, their downstream targets are different. For
example, growth factor signaling inhibits phosphorylation of CRMP2, but not β-catenin, and
vice versa for Wnt [19, 154, 155]. An alternative explanation is that different subsets of GSK3
substrates are selectively affected by particular stimuli. That is, ligand-stimulated activation
of the Wnt, Notch and Hedgehog pathways prevents phosphorylation of a single substrate (β-
catenin, Notch and Gli, respectively) by disrupting multi-subunit signaling complexes
required to mediate their phosphorylation. This increases the stability of these proteins,
translocation to the cell nucleus and regulation of gene transcription programs that promote
proliferation of ES cells/NPC’s. In contrast, growth factor-mediated inhibition of GSK3 via
phosphorylation of N-terminal serine residues reduces phosphorylation of many substrates
(although not β-catenin), promoting survival and differentiation of newly generated neurons.
It is possible that signaling complexes associated with β-catenin (and perhaps Notch and Gli)
are able to surmount the inhibitory N-terminal serine phosphorylation induced by growth
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factor signaling. Indeed, the protein phosphatase PP2A is a known component of the β-catenin/
APC/Axin signaling complex [156] and PP2A is able to activate GSK3 by dephosphorylating
its N-terminal serine residue [157]. If this is true, these signaling complexes could be seen to
activate GSK3 activity (at least phosphorylation of a particular substrate e.g. β-catenin). It might
be more accurate to say that GSK3 is not inhibited by these pathways, but rather GSK3
antagonizes them. Then upon ligand stimulation, this function of GSK3 is alleviated by
disruption of the signaling complex, activating the pathway. It is important to catalogue the
pathway-specific targets of GSK3 and their effects on cell fate and survival, since this knowl‐
edge could identify novel therapeutic targets for artificially controlling neurogenesis and
promoting recovery in diseased or damaged brains.
Author details
Adam R.  Cole
Neurosignalling Group, Garvan Institute of Medical Research, Darlinghurst, Sydney,
Australia
References
[1] Altman J, Das GD (1965) Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. J Comp Neurol 124, 319-335.
[2] Duan X, Kang E, Liu CY, Ming GL, Song H (2008) Development of neural stem cell in
the adult brain. Curr Opin Neurobiol 18, 108-115.
[3] Cameron HA, McKay RD (2001) Adult neurogenesis produces a large pool of new
granule cells in the dentate gyrus. J Comp Neurol 435, 406-417.
[4] Hammond WP, Dale DC (1980) Lithium therapy of canine cyclic hematopoiesis.
Blood 55, 26-28.
[5] Levitt LJ, Quesenberry PJ (1980) The effect of lithium on murine hematopoiesis in a
liquid culture system. N Engl J Med 302, 713-719.
[6] Klein PS, Melton DA (1996) A molecular mechanism for the effect of lithium on de‐
velopment. Proc Natl Acad Sci U S A 93, 8455-8459.
[7] Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH (2004) Maintenance of
pluripotency in human and mouse embryonic stem cells through activation of Wnt
signaling by a pharmacological GSK-3-specific inhibitor. Nat Med 10, 55-63.
[8] Ying QL, Wray J, Nichols J, Batlle-Morera L, Doble B, Woodgett J, Cohen P, Smith A
(2008) The ground state of embryonic stem cell self-renewal. Nature 453, 519-523.
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
165
[9] Hall J, Guo G, Wray J, Eyres I, Nichols J, Grotewold L, Morfopoulou S, Humphreys
P, Mansfield W, Walker R, Tomlinson S, Smith A (2009) Oct4 and LIF/Stat3 additive‐
ly induce Kruppel factors to sustain embryonic stem cell self-renewal. Cell Stem Cell
5, 597-609.
[10] Jiang J, Chan YS, Loh YH, Cai J, Tong GQ, Lim CA, Robson P, Zhong S, Ng HH
(2008) A core Klf circuitry regulates self-renewal of embryonic stem cells. Nat Cell Bi‐
ol 10, 353-360.
[11] Woodgett JR (1990) Molecular cloning and expression of glycogen synthase kinase-3/
factor A. EMBO J 9, 2431-2438.
[12] Soutar MP, Kim WY, Williamson R, Peggie M, Hastie CJ, McLauchlan H, Snider WD,
Gordon-Weeks PR, Sutherland C (2010) Evidence that glycogen synthase kinase-3
isoforms have distinct substrate preference in the brain. J Neurochem 115, 974-983.
[13] Mukai F, Ishiguro K, Sano Y, Fujita SC (2002) Alternative splicing isoform of tau pro‐
tein kinase I/glycogen synthase kinase 3beta. J Neurochem 81, 1073-1083.
[14] Kennelly PJ, Krebs EG (1991) Consensus sequences as substrate specificity determi‐
nants for protein kinases and protein phosphatases. J Biol Chem 266, 15555-15558.
[15] Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA (1995) Inhibition of
glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 378,
785-789.
[16] Sutherland C, Leighton IA, Cohen P (1993) Inactivation of glycogen synthase kin‐
ase-3 beta by phosphorylation: new kinase connections in insulin and growth-factor
signalling. Biochem J 296 ( Pt 1), 15-19.
[17] Frame S, Cohen P, Biondi RM (2001) A common phosphate binding site explains the
unique substrate specificity of GSK3 and its inactivation by phosphorylation. Mol
Cell 7, 1321-1327.
[18] Thomas GM, Frame S, Goedert M, Nathke I, Polakis P, Cohen P (1999) A GSK3-bind‐
ing peptide from FRAT1 selectively inhibits the GSK3-catalysed phosphorylation of
axin and beta-catenin. FEBS Lett 458, 247-251.
[19] Ding VW, Chen RH, McCormick F (2000) Differential regulation of glycogen syn‐
thase kinase 3beta by insulin and Wnt signaling. J Biol Chem 275, 32475-32481.
[20] Cole A, Frame S, Cohen P (2004) Further evidence that the tyrosine phosphorylation
of glycogen synthase kinase-3 (GSK3) in mammalian cells is an autophosphorylation
event. Biochem J 377, 249-255.
[21] Lochhead PA, Kinstrie R, Sibbet G, Rawjee T, Morrice N, Cleghon V (2006) A chaper‐
one-dependent GSK3beta transitional intermediate mediates activation-loop auto‐
phosphorylation. Mol Cell 24, 627-633.
Trends in Cell Signaling Pathways in Neuronal Fate Decision166
[22] Hoeflich KP, Luo J, Rubie EA, Tsao MS, Jin O, Woodgett JR (2000) Requirement for
glycogen synthase kinase-3beta in cell survival and NF-kappaB activation. Nature
406, 86-90.
[23] Kerkela R, Kockeritz L, Macaulay K, Zhou J, Doble BW, Beahm C, Greytak S, Woulfe
K, Trivedi CM, Woodgett JR, Epstein JA, Force T, Huggins GS (2008) Deletion of
GSK-3beta in mice leads to hypertrophic cardiomyopathy secondary to cardiomyo‐
blast hyperproliferation. J Clin Invest 118, 3609-3618.
[24] Kaidanovich-Beilin O, Lipina TV, Takao K, van Eede M, Hattori S, Laliberte C, Khan
M, Okamoto K, Chambers JW, Fletcher PJ, Macaulay K, Doble BW, Henkelman M,
Miyakawa T, Roder J, Woodgett JR (2009) Abnormalities in brain structure and be‐
havior in GSK-3alpha mutant mice. Mol Brain 2, 35.
[25] O'Brien WT, Harper AD, Jove F, Woodgett JR, Maretto S, Piccolo S, Klein PS (2004)
Glycogen synthase kinase-3beta haploinsufficiency mimics the behavioral and mo‐
lecular effects of lithium. J Neurosci 24, 6791-6798.
[26] Kimura T, Yamashita S, Nakao S, Park JM, Murayama M, Mizoroki T, Yoshiike Y, Sa‐
hara N, Takashima A (2008) GSK-3beta is required for memory reconsolidation in
adult brain. PLoS One 3, e3540.
[27] Beaulieu JM, Zhang X, Rodriguiz RM, Sotnikova TD, Cools MJ, Wetsel WC, Gainet‐
dinov RR, Caron MG (2008) Role of GSK3 beta in behavioral abnormalities induced
by serotonin deficiency. Proc Natl Acad Sci U S A 105, 1333-1338.
[28] Prickaerts J, Moechars D, Cryns K, Lenaerts I, van Craenendonck H, Goris I, Daneels
G, Bouwknecht JA, Steckler T (2006) Transgenic mice overexpressing glycogen syn‐
thase kinase 3beta: a putative model of hyperactivity and mania. J Neurosci 26,
9022-9029.
[29] Lucas JJ, Hernandez F, Gomez-Ramos P, Moran MA, Hen R, Avila J (2001) Decreased
nuclear beta-catenin, tau hyperphosphorylation and neurodegeneration in GSK-3be‐
ta conditional transgenic mice. EMBO J 20, 27-39.
[30] Hedgepeth CM, Conrad LJ, Zhang J, Huang HC, Lee VM, Klein PS (1997) Activation
of the Wnt signaling pathway: a molecular mechanism for lithium action. Dev Biol
185, 82-91.
[31] Hooper C, Markevich V, Plattner F, Killick R, Schofield E, Engel T, Hernandez F, An‐
derton B, Rosenblum K, Bliss T, Cooke SF, Avila J, Lucas JJ, Giese KP, Stephenson J,
Lovestone S (2007) Glycogen synthase kinase-3 inhibition is integral to long-term po‐
tentiation. Eur J Neurosci 25, 81-86.
[32] Spittaels K, Van den Haute C, Van Dorpe J, Terwel D, Vandezande K, Lasrado R,
Bruynseels K, Irizarry M, Verhoye M, Van Lint J, Vandenheede JR, Ashton D, Merck‐
en M, Loos R, Hyman B, Van der Linden A, Geerts H, Van Leuven F (2002) Neonatal
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
167
neuronal overexpression of glycogen synthase kinase-3 beta reduces brain size in
transgenic mice. Neuroscience 113, 797-808.
[33] McManus EJ, Sakamoto K, Armit LJ, Ronaldson L, Shpiro N, Marquez R, Alessi DR
(2005) Role that phosphorylation of GSK3 plays in insulin and Wnt signalling de‐
fined by knockin analysis. EMBO J 24, 1571-1583.
[34] Polter A, Beurel E, Yang S, Garner R, Song L, Miller CA, Sweatt JD, McMahon L, Bar‐
tolucci AA, Li X, Jope RS (2010) Deficiency in the inhibitory serine-phosphorylation
of glycogen synthase kinase-3 increases sensitivity to mood disturbances. Neuropsy‐
chopharmacology 35, 1761-1774.
[35] Ackermann TF, Kempe DS, Lang F, Lang UE (2010) Hyperactivity and enhanced cu‐
riosity of mice expressing PKB/SGK-resistant glycogen synthase kinase-3 (GSK-3).
Cell Physiol Biochem 25, 775-786.
[36] Eom TY, Jope RS (2009) Blocked inhibitory serine-phosphorylation of glycogen syn‐
thase kinase-3alpha/beta impairs in vivo neural precursor cell proliferation. Biol Psy‐
chiatry 66, 494-502.
[37] Kim WY, Wang X, Wu Y, Doble BW, Patel S, Woodgett JR, Snider WD (2009) GSK-3
is a master regulator of neural progenitor homeostasis. Nat Neurosci 12, 1390-1397.
[38] Mao Y, Ge X, Frank CL, Madison JM, Koehler AN, Doud MK, Tassa C, Berry EM,
Soda T, Singh KK, Biechele T, Petryshen TL, Moon RT, Haggarty SJ, Tsai LH (2009)
Disrupted in schizophrenia 1 regulates neuronal progenitor proliferation via modu‐
lation of GSK3beta/beta-catenin signaling. Cell 136, 1017-1031.
[39] Lee SM, Tole S, Grove E, McMahon AP (2000) A local Wnt-3a signal is required for
development of the mammalian hippocampus. Development 127, 457-467.
[40] Zhou CJ, Zhao C, Pleasure SJ (2004) Wnt signaling mutants have decreased dentate
granule cell production and radial glial scaffolding abnormalities. J Neurosci 24,
121-126.
[41] Galceran J, Miyashita-Lin EM, Devaney E, Rubenstein JL, Grosschedl R (2000) Hip‐
pocampus development and generation of dentate gyrus granule cells is regulated by
LEF1. Development 127, 469-482.
[42] Otero JJ, Fu W, Kan L, Cuadra AE, Kessler JA (2004) Beta-catenin signaling is re‐
quired for neural differentiation of embryonic stem cells. Development 131, 3545-3557.
[43] Muroyama Y, Fujihara M, Ikeya M, Kondoh H, Takada S (2002) Wnt signaling plays
an essential role in neuronal specification of the dorsal spinal cord. Genes Dev 16,
548-553.
[44] Wang X, Kopinke D, Lin J, McPherson AD, Duncan RN, Otsuna H, Moro E, Hoshiji‐
ma K, Grunwald DJ, Argenton F, Chien CB, Murtaugh LC, Dorsky RI (2012) Wnt sig‐
Trends in Cell Signaling Pathways in Neuronal Fate Decision168
naling regulates postembryonic hypothalamic progenitor differentiation. Dev Cell 23,
624-636.
[45] Slawny NA, O'Shea KS (2011) Dynamic changes in Wnt signaling are required for
neuronal differentiation of mouse embryonic stem cells. Mol Cell Neurosci 48, 205-216.
[46] Lie DC, Colamarino SA, Song HJ, Desire L, Mira H, Consiglio A, Lein ES, Jessberger
S, Lansford H, Dearie AR, Gage FH (2005) Wnt signalling regulates adult hippocam‐
pal neurogenesis. Nature 437, 1370-1375.
[47] Song H, Stevens CF, Gage FH (2002) Astroglia induce neurogenesis from adult neu‐
ral stem cells. Nature 417, 39-44.
[48] Kuwabara T, Hsieh J, Muotri A, Yeo G, Warashina M, Lie DC, Moore L, Nakashima
K, Asashima M, Gage FH (2009) Wnt-mediated activation of NeuroD1 and retro-ele‐
ments during adult neurogenesis. Nat Neurosci 12, 1097-1105.
[49] He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, Morin PJ, Vogel‐
stein B, Kinzler KW (1998) Identification of c-MYC as a target of the APC pathway.
Science 281, 1509-1512.
[50] Boutin C, Hardt O, de Chevigny A, Core N, Goebbels S, Seidenfaden R, Bosio A,
Cremer H (2010) NeuroD1 induces terminal neuronal differentiation in olfactory
neurogenesis. Proc Natl Acad Sci U S A 107, 1201-1206.
[51] Gao Z, Ure K, Ables JL, Lagace DC, Nave KA, Goebbels S, Eisch AJ, Hsieh J (2009)
Neurod1 is essential for the survival and maturation of adult-born neurons. Nat Neu‐
rosci 12, 1090-1092.
[52] Karalay O, Doberauer K, Vadodaria KC, Knobloch M, Berti L, Miquelajauregui A,
Schwark M, Jagasia R, Taketo MM, Tarabykin V, Lie DC, Jessberger S (2011) Pros‐
pero-related homeobox 1 gene (Prox1) is regulated by canonical Wnt signaling and
has a stage-specific role in adult hippocampal neurogenesis. Proc Natl Acad Sci U S A
108, 5807-5812.
[53] Haegele L, Ingold B, Naumann H, Tabatabai G, Ledermann B, Brandner S (2003) Wnt
signalling inhibits neural differentiation of embryonic stem cells by controlling bone
morphogenetic protein expression. Mol Cell Neurosci 24, 696-708.
[54] Kielman MF, Rindapaa M, Gaspar C, van Poppel N, Breukel C, van Leeuwen S,
Taketo MM, Roberts S, Smits R, Fodde R (2002) Apc modulates embryonic stem-cell
differentiation by controlling the dosage of beta-catenin signaling. Nat Genet 32,
594-605.
[55] Aubert J, Dunstan H, Chambers I, Smith A (2002) Functional gene screening in em‐
bryonic stem cells implicates Wnt antagonism in neural differentiation. Nat Biotechnol
20, 1240-1245.
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
169
[56] Cajanek L, Ribeiro D, Liste I, Parish CL, Bryja V, Arenas E (2009) Wnt/beta-catenin
signaling blockade promotes neuronal induction and dopaminergic differentiation in
embryonic stem cells. Stem Cells 27, 2917-2927.
[57] Doble BW, Patel S, Wood GA, Kockeritz LK, Woodgett JR (2007) Functional redun‐
dancy of GSK-3alpha and GSK-3beta in Wnt/beta-catenin signaling shown by using
an allelic series of embryonic stem cell lines. Dev Cell 12, 957-971.
[58] Kelly KF, Ng DY, Jayakumaran G, Wood GA, Koide H, Doble BW (2011) beta-catenin
enhances Oct-4 activity and reinforces pluripotency through a TCF-independent
mechanism. Cell Stem Cell 8, 214-227.
[59] Takao Y, Yokota T, Koide H (2007) Beta-catenin up-regulates Nanog expression
through interaction with Oct-3/4 in embryonic stem cells. Biochem Biophys Res Com‐
mun 353, 699-705.
[60] Pulverer BJ, Fisher C, Vousden K, Littlewood T, Evan G, Woodgett JR (1994) Site-spe‐
cific modulation of c-Myc cotransformation by residues phosphorylated in vivo. On‐
cogene 9, 59-70.
[61] Welcker M, Orian A, Jin J, Grim JE, Harper JW, Eisenman RN, Clurman BE (2004)
The Fbw7 tumor suppressor regulates glycogen synthase kinase 3 phosphorylation-
dependent c-Myc protein degradation. Proc Natl Acad Sci U S A 101, 9085-9090.
[62] Knoepfler PS, Cheng PF, Eisenman RN (2002) N-myc is essential during neurogene‐
sis for the rapid expansion of progenitor cell populations and the inhibition of neuro‐
nal differentiation. Genes Dev 16, 2699-2712.
[63] Hatton KS, Mahon K, Chin L, Chiu FC, Lee HW, Peng D, Morgenbesser SD, Horner J,
DePinho RA (1996) Expression and activity of L-Myc in normal mouse development.
Mol Cell Biol 16, 1794-1804.
[64] Knoepfler PS, Kenney AM (2006) Neural precursor cycling at sonic speed: N-Myc
pedals, GSK-3 brakes. Cell Cycle 5, 47-52.
[65] Sjostrom SK, Finn G, Hahn WC, Rowitch DH, Kenney AM (2005) The Cdk1 complex
plays a prime role in regulating N-myc phosphorylation and turnover in neural pre‐
cursors. Dev Cell 9, 327-338.
[66] Zhao Q, Kho A, Kenney AM, Yuk Di DI, Kohane I, Rowitch DH (2002) Identification
of genes expressed with temporal-spatial restriction to developing cerebellar neuron
precursors by a functional genomic approach. Proc Natl Acad Sci U S A 99, 5704-5709.
[67] Kenney AM, Widlund HR, Rowitch DH (2004) Hedgehog and PI-3 kinase signaling
converge on Nmyc1 to promote cell cycle progression in cerebellar neuronal precur‐
sors. Development 131, 217-228.
[68] Oliver TG, Grasfeder LL, Carroll AL, Kaiser C, Gillingham CL, Lin SM, Wickrama‐
singhe R, Scott MP, Wechsler-Reya RJ (2003) Transcriptional profiling of the Sonic
Trends in Cell Signaling Pathways in Neuronal Fate Decision170
hedgehog response: a critical role for N-myc in proliferation of neuronal precursors.
Proc Natl Acad Sci U S A 100, 7331-7336.
[69] Mottet D, Dumont V, Deccache Y, Demazy C, Ninane N, Raes M, Michiels C (2003)
Regulation of hypoxia-inducible factor-1alpha protein level during hypoxic condi‐
tions by the phosphatidylinositol 3-kinase/Akt/glycogen synthase kinase 3beta path‐
way in HepG2 cells. J Biol Chem 278, 31277-31285.
[70] Flugel D, Gorlach A, Michiels C, Kietzmann T (2007) Glycogen synthase kinase 3
phosphorylates hypoxia-inducible factor 1alpha and mediates its destabilization in a
VHL-independent manner. Mol Cell Biol 27, 3253-3265.
[71] Mazumdar J, O'Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS, Simon MC
(2010) O2 regulates stem cells through Wnt/beta-catenin signalling. Nat Cell Biol 12,
1007-1013.
[72] Roh MS, Eom TY, Zmijewska AA, De Sarno P, Roth KA, Jope RS (2005) Hypoxia acti‐
vates glycogen synthase kinase-3 in mouse brain in vivo: protection by mood stabil‐
izers and imipramine. Biol Psychiatry 57, 278-286.
[73] Singh KK, De Rienzo G, Drane L, Mao Y, Flood Z, Madison J, Ferreira M, Bergen S,
King C, Sklar P, Sive H, Tsai LH (2011) Common DISC1 polymorphisms disrupt
Wnt/GSK3beta signaling and brain development. Neuron 72, 545-558.
[74] Ishizuka K, Kamiya A, Oh EC, Kanki H, Seshadri S, Robinson JF, Murdoch H, Dun‐
lop AJ, Kubo K, Furukori K, Huang B, Zeledon M, Hayashi-Takagi A, Okano H, Na‐
kajima K, Houslay MD, Katsanis N, Sawa A (2011) DISC1-dependent switch from
progenitor proliferation to migration in the developing cortex. Nature 473, 92-96.
[75] Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos JA (2004) Convergent
evidence for impaired AKT1-GSK3beta signaling in schizophrenia. Nat Genet 36,
131-137.
[76] Hall D, Gogos JA, Karayiorgou M (2004) The contribution of three strong candidate
schizophrenia susceptibility genes in demographically distinct populations. Genes
Brain Behav 3, 240-248.
[77] Beaulieu JM, Sotnikova TD, Yao WD, Kockeritz L, Woodgett JR, Gainetdinov RR,
Caron MG (2004) Lithium antagonizes dopamine-dependent behaviors mediated by
an AKT/glycogen synthase kinase 3 signaling cascade. Proc Natl Acad Sci U S A 101,
5099-5104.
[78] Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron MG
(2005) An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic neu‐
rotransmission and behavior. Cell 122, 261-273.
[79] Stambolic V, Ruel L, Woodgett JR (1996) Lithium inhibits glycogen synthase kinase-3
activity and mimics wingless signalling in intact cells. Curr Biol 6, 1664-1668.
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
171
[80] Beaulieu JM (2007) Not only lithium: regulation of glycogen synthase kinase-3 by an‐
tipsychotics and serotonergic drugs. Int J Neuropsychopharmacol 10, 3-6.
[81] Benedetti F, Bernasconi A, Lorenzi C, Pontiggia A, Serretti A, Colombo C, Smeraldi E
(2004) A single nucleotide polymorphism in glycogen synthase kinase 3-beta promot‐
er gene influences onset of illness in patients affected by bipolar disorder. Neurosci
Lett 355, 37-40.
[82] Reif A, Fritzen S, Finger M, Strobel A, Lauer M, Schmitt A, Lesch KP (2006) Neural
stem cell proliferation is decreased in schizophrenia, but not in depression. Mol Psy‐
chiatry 11, 514-522.
[83] Maciag D, Hughes J, O'Dwyer G, Pride Y, Stockmeier CA, Sanacora G, Rajkowska G
(2010) Reduced density of calbindin immunoreactive GABAergic neurons in the occi‐
pital cortex in major depression: relevance to neuroimaging studies. Biol Psychiatry
67, 465-470.
[84] Higashi M, Maruta N, Bernstein A, Ikenaka K, Hitoshi S (2008) Mood stabilizing
drugs expand the neural stem cell pool in the adult brain through activation of notch
signaling. Stem Cells 26, 1758-1767.
[85] Wexler EM, Geschwind DH, Palmer TD (2008) Lithium regulates adult hippocampal
progenitor development through canonical Wnt pathway activation. Mol Psychiatry
13, 285-292.
[86] Morgan TH (1917) The theory of the gene. American Naturalist 51.
[87] Poulson DF (1937) Chromosomal deficiencies and the embryonic development of
Drosophila melanogaster. Proc Natl Acad Sci U S A 23, 133-137.
[88] Furukawa T, Mukherjee S, Bao ZZ, Morrow EM, Cepko CL (2000) rax, Hes1, and
notch1 promote the formation of Muller glia by postnatal retinal progenitor cells.
Neuron 26, 383-394.
[89] Scheer N, Groth A, Hans S, Campos-Ortega JA (2001) An instructive function for
Notch in promoting gliogenesis in the zebrafish retina. Development 128, 1099-1107.
[90] Redmond L, Oh SR, Hicks C, Weinmaster G, Ghosh A (2000) Nuclear Notch1 signal‐
ing and the regulation of dendritic development. Nat Neurosci 3, 30-40.
[91] Costa RM, Honjo T, Silva AJ (2003) Learning and memory deficits in Notch mutant
mice. Curr Biol 13, 1348-1354.
[92] Ruel L, Bourouis M, Heitzler P, Pantesco V, Simpson P (1993) Drosophila shaggy kin‐
ase and rat glycogen synthase kinase-3 have conserved activities and act downstream
of Notch. Nature 362, 557-560.
[93] Foltz DR, Santiago MC, Berechid BE, Nye JS (2002) Glycogen synthase kinase-3beta
modulates notch signaling and stability. Curr Biol 12, 1006-1011.
Trends in Cell Signaling Pathways in Neuronal Fate Decision172
[94] Espinosa L, Ingles-Esteve J, Aguilera C, Bigas A (2003) Phosphorylation by glycogen
synthase kinase-3 beta down-regulates Notch activity, a link for Notch and Wnt
pathways. J Biol Chem 278, 32227-32235.
[95] Jin YH, Kim H, Oh M, Ki H, Kim K (2009) Regulation of Notch1/NICD and Hes1 ex‐
pressions by GSK-3alpha/beta. Mol Cells 27, 15-19.
[96] Fryer CJ, White JB, Jones KA (2004) Mastermind recruits CycC:CDK8 to phosphory‐
late the Notch ICD and coordinate activation with turnover. Mol Cell 16, 509-520.
[97] Kwon C, Cheng P, King IN, Andersen P, Shenje L, Nigam V, Srivastava D (2011)
Notch post-translationally regulates beta-catenin protein in stem and progenitor
cells. Nat Cell Biol 13, 1244-1251.
[98] Shimizu T, Kagawa T, Inoue T, Nonaka A, Takada S, Aburatani H, Taga T (2008) Sta‐
bilized beta-catenin functions through TCF/LEF proteins and the Notch/RBP-Jkappa
complex to promote proliferation and suppress differentiation of neural precursor
cells. Mol Cell Biol 28, 7427-7441.
[99] Torres MA, Eldar-Finkelman H, Krebs EG, Moon RT (1999) Regulation of ribosomal
S6 protein kinase-p90(rsk), glycogen synthase kinase 3, and beta-catenin in early
Xenopus development. Mol Cell Biol 19, 1427-1437.
[100] Holnthoner W, Pillinger M, Groger M, Wolff K, Ashton AW, Albanese C, Neumeister
P, Pestell RG, Petzelbauer P (2002) Fibroblast growth factor-2 induces Lef/Tcf-de‐
pendent transcription in human endothelial cells. J Biol Chem 277, 45847-45853.
[101] Jia J, Amanai K, Wang G, Tang J, Wang B, Jiang J (2002) Shaggy/GSK3 antagonizes
Hedgehog signalling by regulating Cubitus interruptus. Nature 416, 548-552.
[102] Price MA, Kalderon D (2002) Proteolysis of the Hedgehog signaling effector Cubitus
interruptus requires phosphorylation by Glycogen Synthase Kinase 3 and Casein
Kinase 1. Cell 108, 823-835.
[103] Wang B, Li Y (2006) Evidence for the direct involvement of {beta}TrCP in Gli3 pro‐
tein processing. Proc Natl Acad Sci U S A 103, 33-38.
[104] Pan Y, Bai CB, Joyner AL, Wang B (2006) Sonic hedgehog signaling regulates Gli2
transcriptional activity by suppressing its processing and degradation. Mol Cell Biol
26, 3365-3377.
[105] Tempe D, Casas M, Karaz S, Blanchet-Tournier MF, Concordet JP (2006) Multisite
protein kinase A and glycogen synthase kinase 3beta phosphorylation leads to Gli3
ubiquitination by SCFbetaTrCP. Mol Cell Biol 26, 4316-4326.
[106] Chen Y, Yue S, Xie L, Pu XH, Jin T, Cheng SY (2011) Dual Phosphorylation of sup‐
pressor of fused (Sufu) by PKA and GSK3beta regulates its stability and localization
in the primary cilium. J Biol Chem 286, 13502-13511.
[107] Tanji C, Yamamoto H, Yorioka N, Kohno N, Kikuchi K, Kikuchi A (2002) A-kinase
anchoring protein AKAP220 binds to glycogen synthase kinase-3beta (GSK-3beta )
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
173
and mediates protein kinase A-dependent inhibition of GSK-3beta. J Biol Chem 277,
36955-36961.
[108] Logue JS, Whiting JL, Tunquist B, Sacks DB, Langeberg LK, Wordeman L, Scott JD
(2011) AKAP220 protein organizes signaling elements that impact cell migration. J
Biol Chem 286, 39269-39281.
[109] Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH (1997) Epidermal growth
factor and fibroblast growth factor-2 have different effects on neural progenitors in
the adult rat brain. J Neurosci 17, 5820-5829.
[110] Craig CG, Tropepe V, Morshead CM, Reynolds BA, Weiss S, van der Kooy D (1996)
In vivo growth factor expansion of endogenous subependymal neural precursor cell
populations in the adult mouse brain. J Neurosci 16, 2649-2658.
[111] Emsley JG, Hagg T (2003) Endogenous and exogenous ciliary neurotrophic factor en‐
hances forebrain neurogenesis in adult mice. Exp Neurol 183, 298-310.
[112] Zigova T, Pencea V, Wiegand SJ, Luskin MB (1998) Intraventricular administration of
BDNF increases the number of newly generated neurons in the adult olfactory bulb.
Mol Cell Neurosci 11, 234-245.
[113] Bath KG, Mandairon N, Jing D, Rajagopal R, Kapoor R, Chen ZY, Khan T, Proenca
CC, Kraemer R, Cleland TA, Hempstead BL, Chao MV, Lee FS (2008) Variant brain-
derived neurotrophic factor (Val66Met) alters adult olfactory bulb neurogenesis and
spontaneous olfactory discrimination. J Neurosci 28, 2383-2393.
[114] Farinas I, Wilkinson GA, Backus C, Reichardt LF, Patapoutian A (1998) Characteriza‐
tion of neurotrophin and Trk receptor functions in developing sensory ganglia: direct
NT-3 activation of TrkB neurons in vivo. Neuron 21, 325-334.
[115] Kirschenbaum B, Goldman SA (1995) Brain-derived neurotrophic factor promotes
the survival of neurons arising from the adult rat forebrain subependymal zone. Proc
Natl Acad Sci U S A 92, 210-214.
[116] Mattson MP (2008) Glutamate and neurotrophic factors in neuronal plasticity and
disease. Ann N Y Acad Sci 1144, 97-112.
[117] Nagahara AH, Tuszynski MH (2011) Potential therapeutic uses of BDNF in neurolog‐
ical and psychiatric disorders. Nat Rev Drug Discov 10, 209-219.
[118] Mines MA, Beurel E, Jope RS (2011) Regulation of cell survival mechanisms in Alz‐
heimer's disease by glycogen synthase kinase-3. Int J Alzheimers Dis 2011, 861072.
[119] Pap M, Cooper GM (1998) Role of glycogen synthase kinase-3 in the phosphatidyli‐
nositol 3-Kinase/Akt cell survival pathway. J Biol Chem 273, 19929-19932.
[120] Bijur GN, De Sarno P, Jope RS (2000) Glycogen synthase kinase-3beta facilitates
staurosporine- and heat shock-induced apoptosis. Protection by lithium. J Biol Chem
275, 7583-7590.
Trends in Cell Signaling Pathways in Neuronal Fate Decision174
[121] Maurer U, Charvet C, Wagman AS, Dejardin E, Green DR (2006) Glycogen synthase
kinase-3 regulates mitochondrial outer membrane permeabilization and apoptosis by
destabilization of MCL-1. Mol Cell 21, 749-760.
[122] Ding Q, He X, Hsu JM, Xia W, Chen CT, Li LY, Lee DF, Liu JC, Zhong Q, Wang X,
Hung MC (2007) Degradation of Mcl-1 by beta-TrCP mediates glycogen synthase
kinase 3-induced tumor suppression and chemosensitization. Mol Cell Biol 27,
4006-4017.
[123] Oishi K, Kamakura S, Isazawa Y, Yoshimatsu T, Kuida K, Nakafuku M, Masuyama
N, Gotoh Y (2004) Notch promotes survival of neural precursor cells via mechanisms
distinct from those regulating neurogenesis. Dev Biol 276, 172-184.
[124] Arbour N, Vanderluit JL, Le Grand JN, Jahani-Asl A, Ruzhynsky VA, Cheung EC,
Kelly MA, MacKenzie AE, Park DS, Opferman JT, Slack RS (2008) Mcl-1 is a key reg‐
ulator of apoptosis during CNS development and after DNA damage. J Neurosci 28,
6068-6078.
[125] Germain M, Nguyen AP, Le Grand JN, Arbour N, Vanderluit JL, Park DS, Opferman
JT, Slack RS (2011) MCL-1 is a stress sensor that regulates autophagy in a develop‐
mentally regulated manner. EMBO J 30, 395-407.
[126] Magiera MM, Mora S, Mojsa B, Robbins I, Lassot I, Desagher S (2012) Trim17-mediat‐
ed ubiquitination and degradation of Mcl-1 initiate apoptosis in neurons. Cell Death
Differ.
[127] Somervaille TC, Linch DC, Khwaja A (2001) Growth factor withdrawal from primary
human erythroid progenitors induces apoptosis through a pathway involving glyco‐
gen synthase kinase-3 and Bax. Blood 98, 1374-1381.
[128] Linseman DA, Butts BD, Precht TA, Phelps RA, Le SS, Laessig TA, Bouchard RJ, Flor‐
ez-McClure ML, Heidenreich KA (2004) Glycogen synthase kinase-3beta phosphory‐
lates Bax and promotes its mitochondrial localization during neuronal apoptosis. J
Neurosci 24, 9993-10002.
[129] Chu B, Zhong R, Soncin F, Stevenson MA, Calderwood SK (1998) Transcriptional ac‐
tivity of heat shock factor 1 at 37 degrees C is repressed through phosphorylation on
two distinct serine residues by glycogen synthase kinase 3 and protein kinases Cal‐
pha and Czeta. J Biol Chem 273, 18640-18646.
[130] Wang X, She H, Mao Z (2009) Phosphorylation of neuronal survival factor MEF2D by
glycogen synthase kinase 3beta in neuronal apoptosis. J Biol Chem 284, 32619-32626.
[131] Viatour P, Dejardin E, Warnier M, Lair F, Claudio E, Bureau F, Marine JC, Merville
MP, Maurer U, Green D, Piette J, Siebenlist U, Bours V, Chariot A (2004) GSK3-medi‐
ated BCL-3 phosphorylation modulates its degradation and its oncogenicity. Mol Cell
16, 35-45.
[132] Pazyra-Murphy MF, Hans A, Courchesne SL, Karch C, Cosker KE, Heerssen HM,
Watson FL, Kim T, Greenberg ME, Segal RA (2009) A retrograde neuronal survival
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
175
response: target-derived neurotrophins regulate MEF2D and bcl-w. J Neurosci 29,
6700-6709.
[133] Moberg KH, Mukherjee A, Veraksa A, Artavanis-Tsakonas S, Hariharan IK (2004)
The Drosophila F box protein archipelago regulates dMyc protein levels in vivo. Curr
Biol 14, 965-974.
[134] Yada M, Hatakeyama S, Kamura T, Nishiyama M, Tsunematsu R, Imaki H, Ishida N,
Okumura F, Nakayama K, Nakayama KI (2004) Phosphorylation-dependent degra‐
dation of c-Myc is mediated by the F-box protein Fbw7. EMBO J 23, 2116-2125.
[135] Wei W, Jin J, Schlisio S, Harper JW, Kaelin WG, Jr. (2005) The v-Jun point mutation
allows c-Jun to escape GSK3-dependent recognition and destruction by the Fbw7
ubiquitin ligase. Cancer Cell 8, 25-33.
[136] Liu N, Li H, Li S, Shen M, Xiao N, Chen Y, Wang Y, Wang W, Wang R, Wang Q, Sun
J, Wang P (2010) The Fbw7/human CDC4 tumor suppressor targets proproliferative
factor KLF5 for ubiquitination and degradation through multiple phosphodegron
motifs. J Biol Chem 285, 18858-18867.
[137] Zhao D, Zheng HQ, Zhou Z, Chen C (2010) The Fbw7 tumor suppressor targets
KLF5 for ubiquitin-mediated degradation and suppresses breast cell proliferation.
Cancer Res 70, 4728-4738.
[138] Welcker M, Singer J, Loeb KR, Grim J, Bloecher A, Gurien-West M, Clurman BE,
Roberts JM (2003) Multisite phosphorylation by Cdk2 and GSK3 controls cyclin E
degradation. Mol Cell 12, 381-392.
[139] Zhou BP, Deng J, Xia W, Xu J, Li YM, Gunduz M, Hung MC (2004) Dual regulation
of Snail by GSK-3beta-mediated phosphorylation in control of epithelial-mesenchy‐
mal transition. Nat Cell Biol 6, 931-940.
[140] Cartwright P, McLean C, Sheppard A, Rivett D, Jones K, Dalton S (2005) LIF/STAT3
controls ES cell self-renewal and pluripotency by a Myc-dependent mechanism. De‐
velopment 132, 885-896.
[141] Wang Z, Inuzuka H, Zhong J, Wan L, Fukushima H, Sarkar FH, Wei W (2012) Tumor
suppressor functions of FBW7 in cancer development and progression. FEBS Lett
586, 1409-1418.
[142] Hoeck JD, Jandke A, Blake SM, Nye E, Spencer-Dene B, Brandner S, Behrens A (2010)
Fbw7 controls neural stem cell differentiation and progenitor apoptosis via Notch
and c-Jun. Nat Neurosci 13, 1365-1372.
[143] Jandke A, Da Costa C, Sancho R, Nye E, Spencer-Dene B, Behrens A (2011) The F-box
protein Fbw7 is required for cerebellar development. Dev Biol 358, 201-212.
Trends in Cell Signaling Pathways in Neuronal Fate Decision176
[144] Matsumoto A, Onoyama I, Sunabori T, Kageyama R, Okano H, Nakayama KI (2011)
Fbxw7-dependent degradation of Notch is required for control of "stemness" and
neuronal-glial differentiation in neural stem cells. J Biol Chem 286, 13754-13764.
[145] Sutherland C (2011) What Are the bona fide GSK3 Substrates? Int J Alzheimers Dis
2011, 505607.
[146] Cole AR (2012) GSK3 as a Sensor Determining Cell Fate in the Brain. Front Mol Neu‐
rosci 5, 4.
[147] Asada N, Sanada K (2010) LKB1-mediated spatial control of GSK3beta and adenoma‐
tous polyposis coli contributes to centrosomal forward movement and neuronal mi‐
gration in the developing neocortex. J Neurosci 30, 8852-8865.
[148] Eickholt BJ, Walsh FS, Doherty P (2002) An inactive pool of GSK-3 at the leading
edge of growth cones is implicated in Semaphorin 3A signaling. J Cell Biol 157,
211-217.
[149] Etienne-Manneville S, Hall A (2003) Cdc42 regulates GSK-3beta and adenomatous
polyposis coli to control cell polarity. Nature 421, 753-756.
[150] Jiang H, Guo W, Liang X, Rao Y (2005) Both the establishment and the maintenance
of neuronal polarity require active mechanisms: critical roles of GSK-3beta and its
upstream regulators. Cell 120, 123-135.
[151] Shi SH, Cheng T, Jan LY, Jan YN (2004) APC and GSK-3beta are involved in mPar3
targeting to the nascent axon and establishment of neuronal polarity. Curr Biol 14,
2025-2032.
[152] Yoshimura T, Kawano Y, Arimura N, Kawabata S, Kikuchi A, Kaibuchi K (2005)
GSK-3beta regulates phosphorylation of CRMP-2 and neuronal polarity. Cell 120,
137-149.
[153] Guo W, Jiang H, Gray V, Dedhar S, Rao Y (2007) Role of the integrin-linked kinase
(ILK) in determining neuronal polarity. Dev Biol 306, 457-468.
[154] Cole AR, Sutherland C (2008) Measuring GSK3 expression and activity in cells. Meth‐
ods Mol Biol 468, 45-65.
[155] Cole AR, Causeret F, Yadirgi G, Hastie CJ, McLauchlan H, McManus EJ, Hernandez
F, Eickholt BJ, Nikolic M, Sutherland C (2006) Distinct priming kinases contribute to
differential regulation of collapsin response mediator proteins by glycogen synthase
kinase-3 in vivo. J Biol Chem 281, 16591-16598.
[156] Seeling JM, Miller JR, Gil R, Moon RT, White R, Virshup DM (1999) Regulation of be‐
ta-catenin signaling by the B56 subunit of protein phosphatase 2A. Science 283,
2089-2091.
[157] Hernandez F, Langa E, Cuadros R, Avila J, Villanueva N (2010) Regulation of GSK3
isoforms by phosphatases PP1 and PP2A. Mol Cell Biochem 344, 211-215.
Regulation of Cell Fate in the Brain by GSK3
http://dx.doi.org/10.5772/55180
177

